Introduction
Batch crystallization from aqueous solution is commonly used in the pharmaceutical and speciality fine-chemicals industries. In these industries, accurate control or monitoring of crystal size is eagerly demanded because particle size has significant effects on downstream operations such as filtration, drying, transport and storage [1] [2] .
Electrical impedance spectroscopy (EIS) is commonly used to investigate the dielectric properties of materials and the particle/solution interfaces [3] [4] . EIS method is not a new method for measuring the particle-solution system under the static state, i.e. the properties of particles and solution do not change with time [5] [6] [7] . However, the application of EIS method for on-line monitoring of crystallization process, a dynamic process, is rarely reported in the research articles. The measurement of EIS for particle sizing is relied relies on the presence of an electrical double layer associated with the charged particle surface [8] [9] . The relationship between the particle size and electrical impedance parameters has been studied in silica colloidal suspensions [10] [11] . One of the advantages of the EIS method is that it can be applied in high concentration suspensions since the electrical signal is stronger from high concentration suspensions comparing optical methods. Another valuable advantage is that the EIS method has a potential to be developed into an electrical impedance tomography spectroscopy (EITS) technique [12] and hence to measure the particle size distribution in two or even three spatial dimensions with a high temporal resolution, so called dynamic imaging of particle size distribution.
Compared with the laser-based method which is commonly used for crystal size measurement [13] [14] [15] , challenges in the study of crystal size by electrical impedance spectroscopy exist because the impedance data is easily affected by several factors, such as the concentration of the solid LGA phase, the concentration of solute, temperature and crystal size [16] . The relationship between the crystal size and electrical impedance spectra can't be obtained straightforwardly, but has to rely on the establishing and solving of mathematical model.
In this paper, method of electrical impedance spectroscopy combining with equivalent circuit model was developed to get relationship between the crystal size and equivalent circuit elements. A semi-empirical equation was established to predict the change of crystal size during crystallization process from the on-line measured impedance spectra.
Experimental details

Experimental setup
The devices employed in our experimental set-up include a glass jacketed-vessel of three-litre capacity, a data acquisition system, an impedance analyzer (Solartron 1260), a four-electrode sensor and measurement system controller and data processing software (Smart). Temperature was controlled by a Julabo F32-HE thermostated bath. Vessel stirring was provided using a magnetic stirrer rotating at a constant speed of 400 rpm. The temperature was measured using a platinum resistance thermometer (PT100), and the turbidity was measured with a turbidimetric fiber-optic probe system built in-house. Both signals were logged onto the computer via a data acquisition system. A focused beam reflectance measurement (FBRM) device (LasenTech) was used to detect changes in particle size on-line by measuring the chord length distribution during crystallisation processes. The whole experimental setup is depicted in Figure 1 . The four-electrode sensor employed in the experiments was made of stainless steel and includes two big hemispherically shaped electrodes and two needle electrodes, which have to fit the vessel.
Materials and methods
L-glutamic acid (
LGA, Sigama-Aldrich Chemicals) aqueous solutions were prepared using distilled water. Electrical impedance spectra were measured by the impedance analyzer. The EIS measurement in crystallisation processes was carried out by applying an alternating excitation voltage (1 volt) with a frequency spectrum from 1 Hz to 20 MHz to the two hemispherically shaped electrodes and taking the EIS response from the two needle electrodes. The electrical impedance spectra were recorded automatically by PC during the nucleation and growth processes by the "Smart" software. The time required for testing EIS from 1Hz to 520 MHz is about 2.5 minutes and there was no pause between loops. The four-electrode sensor which was fitted on the bottom side of the vessel's lid was put into the jacketed vessel when it was in use. The crystallisation processes were achieved using a simple cooling method without involving any chemical reaction. 
Results and discussion
In this section, on-line measured electrical impedance spectra associated with L-glutamic acid (LGA) nucleation-growth processes are presented and analysed. The relationship between the electrical impedance spectra and changing of crystal size are discussed and analysed.
Turbidity profile and crystal morphology
The crystallization process was realized by a simple cooling process and the temperature and turbidity data were recorded on-line to provide a measure of the start-point of the crystallization. Figure 2 shows the changing of turbidity with temperature associated with the LGA crystallisation process. It can be found that the transmittance data changes significantly at about 21 °C , which indicates a fast nucleation and growth of crystals at this temperature. The crystal morphology was observed using the off-line optical microscope measurements. From the microscopic pictures (Figures 3), it can be seen that only the -form exists during the whole crystallisation process. At the late stage of crystallisation, aggregation occurs, it can be observed that several prismatic shape crystals bind together and form a large particle with an irregular shape.
Electrical impedance spectra during the crystallization process
The electrical impedance spectra of an LGA solution (21.9 g/L) during the cooling process were recorded on-line. Figure 4 shows the electrical impedance spectra of the LGA solutions at 45.08 °C and 19.55 °C, respectively. As it is known from the turbidity profile, no crystallization is occurring in solution at 45.08 °C , but the crystals are generating and growing at 19.55 °C . Figure 4 
Equivalent circuit model and fitting results
Electrical impedance spectroscopy (EIS) data can be commonly analyzed by fitting it
to an equivalent circuit model. Based on the experimental data, an equivalent circuit [20] [21] [22] was proposed and shown in Figure 5 . The selection of this equivalent circuit model is based on the consideration of two dielectric relaxations which are from electrode polarization caused by the formation of ionic double layer at the interface between the solution and the electrode surfaces [22] [23] and the polarization of electrical double layer on the particle surface caused by the distortion of double layer under the alternating excitation voltage [20, 24] . The equivalent circuit can well fit the EIS data over the frequency range from 3 Hz to 2 MHz, based on the recognized three major EIS effects from the solution, electrode-electrolyte interface and electrolyte-particle interface. In this equivalent circuit, Rs is the ohmic resistance from solution, wire and instrument, R1 is the resistance from the electric double layer on the electrode/solution interface, C1 is the capacitance from the electric double layer on the electrode/solution interface [2125] , R2 is the resistance from dielectric polarization of the LGA solution and crystal particle/solution interface, C2 is the capacitance from the dielectric polarization of LGA solution and crystal particle/solution interface.
The complex impedance of the whole system is given by:
where, * s Z is the ohmic resistance from solution, wire, and instrument, Z is the complex impedance due to the dielectric polarization of the LGA solution and crystal particle/solution interface.
Using the resistance and capacitance in the equivalent circuit to express * Z yields: 
From equation (2) , separating real and imaginary parts yields
The circuit parameters (for example, R and C) can be obtained by fitting a curve to the experimental impedance data. In this study, the experimental impedance data was analyzed using "Zview" software and as an example, the fitting results for LGA solution at 19.55 °C are shown in Figure 6 . It can be seen that the equivalent circuit model fits well with the experimental data. The fitted equivalent circuit elements during the crystallization process, including Rs, R1, R2, C1 and C2, are listed in Table 1 and also plotted as function of temperature as shown in Figure 7 . It can be observed from 
where, T is temperature with unit of °C and 22.5 50 T °C .
The coefficients of determination for the fitting results in (5)- (7) 
The coefficients of determination for the fitting results in (8)- (9) In the temperature range of 22.5°C to 10°C , the situation becomes complicated due to the occurrence of crystallization. Since R1 and C1 are related with to the electric double layer on the electrode/solution interface, they should be functions of ionic concentration in the solution. Rs is the ohmic resistance from solution, wire and instrument, therefore it should be a function of ionic concentration as well. The equivalent circuit elements R1, C1 and Rs are crystal size independent. Equivalent circuit elements R2 and C2 represent the dielectric polarization from LGA solution and particle/solution interface; therefore it is a function of crystal size. As shown in Fig (7) , R and C have different slope against temperature after 22.5 °C, compared with temperature before 22.5 °C. The reason is that before 22.5 °C (the nucleation point), the equivalent circuit elements are only affected by the temperature, whereas after 22.5 °C, the equivalent circuit are affected not only by the temperature, but also by the crystals and ionic concentration in the solution. Because Since the cooling rate was kept constant at the temperature range of 50 °C -10 °C , the changing rate of temperature during EIS measurement is same. Therefore, the changes of equivalent circuit elements caused by changing temperature before and after nucleation could be treated same. the temperature effect on the equivalent circuit elements during nucleation and growth of crystals could be treated as same as the stage before nucleation. The equations (5)- (9) represent the temperature dependence of equivalent circuit elements, which do not include other effects from crystals and ionic solution. Therefore, equations (5)- (9) should hold up at the range of 50°C -10°C.The equations (5)- (9) can hold up at the range of 50 °C -10 °C .
Relationship between crystal size and equivalent circuit elements
In this section, the relationship between crystal size and equivalent circuit elements, R2, C2, is analysed and a semi-empirical equation based on the experimental data is developed. The chord length of the crystal particle during crystallisation process was recorded on-line using FBRM method [2226] . Although the chord length given by FBRM measurement is not the real diameter of crystal, it is treated as equivalent crystal size in this study. The changes of mean chord length (a) of crystal particles, R2 and C2 with temperature are shown in Figure 9 . From Figure 9 , it can be found that the mean chord length of crystal particles increases significantly with decreasing temperature. Since the dielectric polarization of the crystal particle/solution interface is related with electrical double layer on the particle surface and the diffusion of ions along the surface, the size of the crystal particle plays an important role on dielectric polarization. Thus, the crystal size is the function of the equivalent circuit elements of R2 and C2. In order to get the relationship between the crystal size and R2, C2, the temperature effect on the equivalent circuit elements after nucleation need to be eliminated. For the cooling process with a constant cooling rate, the temperature effect on R2 and C2 before nucleation and after the nucleation can be treated as the same. With the assumption, the temperature effect represented by equations (5)- (9) can be extended over the range of 50 °C -10 °C, which provides an opportunity to separate and remove the temperature effect on EIS data during the cooling period of nucleation. The temperature effect can be removed by subtracting the contribution of temperature on R2 and C2 using equations (7) and (9) . The temperature contribution on R2 and C2 (denoted by R2,T and C2,T) can be calculated using equations (7) and (9) at the temperature range of 22.77 °C -13.13 °C . R2,T and C2,T are smaller than R2 and C2 (shown in the Table 1 ), since they do not include other influences except for the temperature. Therefore, The the equivalent circuit elements of ' 2 R and ' 2 C after correction of temperature effect can be calculated by equation (10) and (11) and the results are listed in Table 2 . C as shown by:
The form of equation can be obtained by non-linear fitting the experimental data to get a smallest root of mean square error. The result is shown by the equation (1113): 
where , p1-p10 are the constants and shown in the below: 
Conclusions
The electrical impedance spectroscopy method was used for on-line monitoring of the 
